Infection of implanted medical devices by Gram-positive organisms such as Staphylococcus ssp. is a serious concern in the biomaterial community. In this research the application of low frequency ultrasound to enhance the activity of vancomycin against implanted Staphylococcus epidermidis biofilms was examined. Polyethylene disks covered with a biofilm of S. epidermidis were implanted subcutaneously in rabbits on both sides of their spine. The rabbits received systemic vancomycin for the duration of the experiment. Following 24 h of recovery, one disk was insonated for 24 or 48 h while the other was a control. Disks were removed and viable bacteria counted. At 24 h of insonation, there was no difference in viable counts between control and insonated biofilms, while at 48 h of insonation there were statistically fewer viable bacteria in the insonated biofilm. The S. epidermidis biofilms responded favorably to combinations of ultrasound and vancomycin, but longer treatment times are required for this Gram-positive organism than was observed previously for a Gram-negative species.
INTRODUCTION
A s chronically implanted biomaterials become more common, the concern of infection on those medical devices grows. Not only does the infection present serious consequences to the health of the patient, but the infectious bacteria can form biofilms on the surface of the device that can interfere with its performance (e.g. obstruct heart valve movement), or compromise the integration of the device into the body (e.g. septic loosening of orthopedic implants). Although the incidence of such infections may be low and continues to decrease [1] , the results are severe and often debilitating to the patient.
Bacteria growing in biofilms on synthetic medical implants are highly resistant to traditional antimicrobial chemotherapy [2, 3] . This recalcitrance necessitates the removal and replacement of infected implants to successfully treat the associated infections [4, 5] .
In previous articles, we reported enhanced reductions of viable, sessile Escherichia coli in a model implant infection when gentamicin was combined with low-frequency ultrasound [6, 7] . Although the success of ultrasound and aminoglycosides in treating an E. coli infection is notable, few clinical implant infections are attributed to E. coli, with the exception of urinary devices or urosepsis [1] . Staphylococcus aureus and Staphylococcus epidermidis appear to be most commonly found in orthopedic implant infections. Of the organisms causing prosthetic hip implants, Sanderson reported that 35% were S. aureus, 15% were S. epidermidis, 25% were coliforms, and 25% were anaerobes and others [8] . Similarly for prosthetic joint infections, Steckelberg reported that 25% were coagulase-negative staphylococci, 23% were S. aureus, 14% were polymicrobial, 11% were Gram-negative bacilli, 8% were streptococci, 6% were anaerobes, 3% were enterococci, and 10% were unknown or other microorganisms [9] . E. coli is a minor player in orthopedic implant infections.
Although aminoglycosides are often recommended for infections of Gram-negative rods, they are not the antibiotics of choice for Grampositive infectious organisms such as S. epidermidis. Vancomycin was used as an antibiotic of last resort for methicillin-resistant strains of S. epidermidis and other Staphylococcus and Streptococcus ssp. [10] . Although Vancomycin is still used for methicillin-resistant infections [11] , some bacterial strains are acquiring vancomycin resistance and newer antibiotics may be required [12] .
In this research we investigated the combination of low frequency ultrasound and vancomycin in treating S. epidermidis infections in a rabbit model. Ultrasonic irradiation (insonation) has great potential as a medical therapy for drug delivery. Ultrasound consists of acoustic energy in the form of pressure waves with frequency above 20 kHz. Because of its wave nature, ultrasound can be focused through the skin and tissue and directed to the desired target volume in the body. The application is noninvasive; no incisions are required. Low frequency ultrasound (<500 kHz) is not attenuated and does not produce heating to the same levels as the higher frequency (>1 MHz) ultrasound used for medical imaging and physical therapy.
Our previous research showed that ultrasound enhanced the activity of aminoglycosides against Gram-negative bacteria in both planktonic and biofilm phenotypes [6, [13] [14] [15] [16] [17] [18] . Ultrasound also increased killing of Gram-positive S. epidermidis and Streptococcus mitis by ampicillin [16] . Insonation is hypothesized to increase the effectiveness of antibiotics by increasing the rate of antibiotic transport to the bacteria [19, 20] , by increasing the permeability of the cell membrane [21, 22] , and by increasing the metabolic activity and growth of the bacteria, perhaps by increasing oxygen and other nutrient transport [19] . The research presented herein shows that ultrasound enhances the ability of vancomycin to kill S. epidermidis biofilms under some conditions.
MATERIALS AND METHODS
New Zealand White female rabbits were maintained according to regulations established by the US Department of Agriculture and the Institutional Animal Care and Use Committee of Brigham Young University. The method of surgical biofilm implantation and evaluation of biofilm viability were described in previous reports and are outlined only briefly below [6, 7] .
Staphylococcus epidermidis ATCC 35984 (RP62A) biofilms were grown for 24 h on polyethylene disks (1.88 cm diameter, 0.01 cm thickness, with 2 sewing tabs). The disks were placed in 15 mL tryptic soy broth with 0.01% glucose (TSB). The TSB was then inoculated with 20 mL of an overnight culture that had been centrifuged and resuspended in sterile phosphate buffered saline solution. After 8 h, the disks were removed from the petri dishes, rinsed with 1 mL of sterile physiologic saline solution, and placed in petri dishes containing 15 mL of sterile TSB. This process was repeated for two more 8-h growth periods. After the final 8 h growth period, two disks were rinsed in saline, implanted subcutaneously and sewn into place with one disk positioned on either side of the spine.
A catheter was inserted into a marginal vein in one of the rabbit's ears. The catheter was used to administer vancomycin (50 mg kg À1 ) immediately after surgery and 3 times a day thereafter. A second catheter was inserted similarly in the opposite ear to facilitate blood sampling throughout the experiment. Blood was sampled prior to surgery and then every 24 h thereafter just prior to the administration of vancomycin. The sampled blood was cultured to determine any bacteremia.
Twenty-four hours postsurgery, a Tonpilz resonator (EDO Acoustics, Salt Lake City, UT) was fixed over one of the implants with Tensive (Parker Labs, Fairfield, New Jersey), which is both an acoustic conductor and an adhesive. The transducer, operating at 28.48 kHz, delivered pulsed ultrasound in a 1 : 3 duty cycle at a power density of 500 mW cm À2 during the pulse.
After treatment with ultrasound for 24 or 48 h, the rabbits were euthanized and the implants were removed. The biofilms were stripped from the disks by exposure to 10 mL of a 48 mg L À1 solution of Validase X, a polysaccharase (Valley Research, Inc., South Bend, IN) in an ultrasonic bath. The number of viable bacteria remaining in the biofilms was determined by serial dilution and membrane filtration.
The reduction of bacteria in these experiments is reported in two forms. The ''total reduction'' reflects the decrease in viable bacteria (on a log basis) based on the average amount of bacteria on the disks before they were implanted in the rabbit; it is the difference between the initial and retrieved counts. The ''enhanced reduction'' reflects difference in viable counts (on a log basis) between the two implants retrieved from the same rabbit, one of which was insonated; it quantifies the enhancement in killing of vancomycin produced by the addition of ultrasound to the implant. One-tailed paired Student's t-tests were used to evaluate the differences in mean log 10 CFU cm À2 recovered from implanted biofilms treated with vancomycin and implanted biofilms treated with both vancomycin and ultrasound for each rabbit.
In addition to recovering the implanted disks, the heart, kidneys, and skin at the treatment site were collected for independent histopathological examination (ARUP, Salt Lake City, UT). Figure 1 shows the viable counts of S. epidermidis recovered from the polymer disks. The nonimplanted biofilms from six experiments contained 7.67 AE 0.59 log 10 CFU/cm 2 bacteria on average. Treatment of biofilms of S. epidermidis for 48 h with vancomycin reduced the number of viable bacteria in the biofilm to 2.55 AE 0.20 log 10 CFU/cm 2 , a log 10 total reduction of 5.12 CFU/cm 2 . In the contralateral biofilms, exposed to vancomycin for 48 h and ultrasound for 24 h, the number of viable bacteria was reduced to 2.22 AE 0.54 log 10 CFU/cm 2 , a log 10 total reduction of 5.45 CFU/cm 2 . Ultrasonic treatment for 24 h did not significantly enhance the killing of viable bacteria compared to the contralateral noninsonated implant (enhanced reduction ¼ 0.33 log 10 CFU/cm 2 ; p ¼ 0.26, n ¼ 3).
RESULTS
Treatment of S. epidermidis biofilms with only vancomycin for 72 h postsurgery reduced the number of viable bacteria to 3.06 AE 0.70 log 10 CFU/cm 2 , a log 10 total reduction of 4.61 CFU/cm 2 . When the contralateral biofilms were treated for 72 h with vancomycin, the final 48 h of which also received ultrasound, the number of viable bacteria was reduced to 0.98 AE 1.25 log 10 CFU/cm 2 , a log 10 total reduction of 6.69 CFU/cm 2 (Figure 1 ). Treatment of S. epidermidis biofilms with vancomycin and 48 h of ultrasound significantly enhanced the reduction of viable bacteria in the biofilm, an enhanced reduction of 2.08 log 10 CFU/cm 2 ( p ¼ 0.01, n ¼ 3).
Histopathology indicated neither abnormalities nor infection in the heart or kidneys removed from euthanized rabbits. The skin at the implant site appeared healthy. In addition, blood cultures revealed no bacteria in any of the daily blood samples taken. 
DISCUSSION
Previously, our lab has reported the use of low-frequency ultrasound to enhance the activity of antibiotics against planktonic and sessile Gram-negative bacteria in vitro and in vivo [6, 7, 16, 18, 23, 24] . The combination of gentamicin and low-frequency ultrasound was very effective in reducing viability of E. coli biofilms. Because of the prevalence of Gram-positive organisms in vascular biofilm infections, it was important to determine whether or not combined ultrasound/ antibiotic therapy enhanced the reduction of viable Gram-positive bacteria in a biofilm in vivo.
Following the implantation of heavily colonized biofilms of S. epidermidis, the rabbits' immune system in combination with vancomycin reduced the number of viable bacteria by 5 orders of magnitude in 48 h. However, there was no further reduction by 72 h postsurgery. Even with this high level of vancomycin, the implant infection could not be resolved. When ultrasound was applied for 24 h in combination with vancomycin, the viable counts were not different than those without insonation. However, insonation of implanted biofilms for 48 h along with the presence of systemic vancomycin reduced the average number of viable bacteria to below 10 CFU cm À2 , which was significantly lower than the viable counts without insonation. A similar observation was made for E. coli implant infections in which 48-h insonation was more effective than 24-h insonation. This ultrasonic treatment increased the killing of viable bacteria without causing bacteremia or tissue damage. We do not know whether or not this reduction will allow the host immune system to eliminate the remaining viable bacteria. However, it is probable that longer treatments would further increase the amount of killing. A combination of antibiotics such as vancomycin plus rifampin may be more effective [1] .
More research remains to be done to determine why the combination of ultrasound and gentamicin is more effective against E. coli in vivo than the combination of ultrasound and Vancomycin against S. epidermidis. The particular strain of S. epidermidis used herein (RP62A) is a notorious clinical isolate [25] [26] [27] and is resistant to aminoglycosides, and thus we did not attempt to use gentamicin in the in vivo model. In planktonic systems, ultrasonic enhancement of antibiotic activity is most pronounced with systems employing aminoglycosides and Gram-negative bacteria. We speculate that the normal stress on Gram-negative membranes due to aminoglycoside binding [28, 29] is further accentuated by the ultrasonic exposure and leads to increased antibiotic uptake, and that such a mechanism may be missing in Gram-positive species. This hypothesis remains to be tested in biofilms.
